Abstract In a general plane-parallel electrode system, the edge of the electrode will undermine the uniformity of the dielectric barrier discharge (DBD) because of the influence of the distorted electrical field. In this paper, the influence of the non-uniform electrical field on the edge effect of DBDs in a short-gap is investigated. We present some of the experimental results of DBDs produced by three kinds of convex-spherical electrodes. The results show that there is a dark area (the homogeneous discharge) in the central region of the electrode and a bright halo (the filamentary discharge) in the outer peripheral region, and the radius of the dark region is determined by the electrode geometry. The calculated results of the transverse (radial) field component distribution on the surface of the electrodes show that the edge effect does not come from the electrode edge, but the transverse field. The discharge has enough space to be fully developed and then format the filamentary discharge in the outer peripheral region because the streamer of the filamentary discharge is driven to move along the direction of the longer path by the transverse field. Thus, the homogeneous discharge (the Townsend DBD or a glow DBD) could not be produced in this area.
Introduction
Dielectric barrier discharges (DBDs) have been widely used for industrial applications in recent years, for instance in ozone production, gas depollution, surface treatment, plasma display cells and excimer lamps [1] . Early investigations into glow discharge under atmospheric pressure were confined to a planeparallel electrode geometry [2] . Although plane-parallel electrode systems are helpful in achieving uniform discharge, the influences of the electrode edge on the discharge uniformity can not be avoided. On the other hand, the industrial applications of DBD require the implementation of a more complex electrode system, and the influence of the non-uniform electrical field on the uniformity of the DBDs needs to be investigated.
To our knowledge, there are two kinds of non-uniform electrical field configuration. One is the case with a non-uniform electrode exposed in the gap, and the other is that with a non-uniform electrode covered by a dielectric layer. For the first case, OKAZAKI et al. reported the works carried out with a brush-style electrode [3] . BARTNIKAS and RADU et al. progressed further in this direction by using a convex-spherical electrode system [4] . In order to elucidate some of the peculiarities of APGDs evinced under non-uniform field conditions, they undertook some systematic investigations concerning needle-plane [5] and cylinder-plane electrode systems [6] . CELESTIN et al. researched the discharge in a special electrode system in which the upper electrode is a cylinder in tungsten (diameter 2 mm) coated with a 1 mm layer of dielectric except on its tip [7] . R. MORENTA used the mesh-to-plate to deposit uniform plasma-polymerized acrylic acid (PPAA) films in contrast to the commonly used parallel plate reactor [8] . For the second case, OKAZAKI found that when two metal wire meshes are used as electrodes that are covered by a polyethylene terephthalate (PET) plate, glow discharge can be produced. He did not give any explanation as to why it makes a uniform discharge in air possible [9] . Using the same mesh electrodes covered by a dielectric layer as OKAZAKI, some researchers have studied the uniform discharge [10∼14] , and believe that the role of the mesh electrode is to produce corona discharges and then provide seed electrons. BRANDENBURG et al. used spatially resolved cross-correlation spectroscopy techniques to diagnose the discharge modes with two semi-spherical electrodes covered by dielectric layers [15] . In the aforementioned research, the influences of the non-uniform electrical field on the discharge uniformity were not investigated thoroughly.
In this paper, the discharges produced by three kinds of convex-spherical electrodes are studied. The aim is to find the characteristics of the filamentary discharges in the outer peripheral region under different edge fields, and then the relationship between the electrode edge and edge field in a DBD.
Experimental setup
The high-voltage electrode is made of convexspherical electrodes. The lower electrode is a 3 mmthick glass plate with a conducting, transparent coating [fluorine-doped tin oxide (FTO)] on its bottom surface, and its area is 180 mm×180 mm. It serves as both the dielectric barrier and the lower potential plane of the discharge gap. The gap is fixed at 1 mm in all experiments. An AC high voltage is applied to the electrodes with a frequency of 10 kHz, and the light emission images are recorded using a digital camera (Nikon D50) and 4-quick camera. The experimental process in argon at low pressure is as follows. Firstly, the discharge chamber is pumped down to 0.025 MPa, and then filled with argon to atmospheric pressure (0.1 MPa). Finally, the discharge chamber is pumped down to the required low pressure.
Experimental results

Different convex-spherical electrodes for argon
Under cases of different convex-spherical electrodes, the discharge photographs are shown in Fig. 1 . We find that there is a dark area in the central region of the electrode, and a bright halo in the outer peripheral region. The photograph in Fig. 2 (the exposure time is 10 µs) shows that there is more filamentary discharge in the outer peripheral region than in the central region. We will discuss the quality of the relatively uniform discharge in the central region in section 4. The results are in contradiction to the experimental results of RADU, where there is no discharge in the central region and just a homogeneous discharge in the outer peripheral region. It is worth noting that their experiments are at atmospheric pressure [4] . The first important radii, 3.2 cm in Fig. 1(a) , 1.95 cm in Fig. 1(b) and 1.25 cm in Fig. 1(c) , are the outer radii of the bright regions. They are smaller than the radii of the electrodes. For the discharge produced by the 4# electrode, the bright region is produced at the electrode edge. For the discharge produced by the 5# electrode, the bright region is also produced at the "electrode edge", the edge of the electrode top. But for the discharge produced by the 3# electrode, the bright region is not produced in locations closer to the electrode edge. This means that the edge effect does not come from the electrode edge. The second important radii, 2 cm in Fig. 1(a) , 0.77 cm in Fig. 1(b) and 0.27 cm in Fig. 1(c) , are the radii of dark regions, where the microdischarge does not have enough space to be fully developed or the number of filamentary discharges is very small, as shown in Fig. 2 . Fig.1 Different electrode constructions and their discharge photographs (not the same amplification) for argon, P =0.025 MPa, d=1 mm, f =10 kHz, exposure time t=1/8 s (color online) Fig.2 Discharge produced by the 3# electrode at different times for argon, P =0.025 MPa, d=1 mm, f =10 kHz, exposure time t=10 µs
Different gap spacings for argon
Under the cases of different gap spacings, the discharge photographs produced by the 5# cone electrode are shown in Fig. 3 . It should be noted that the pressure is one atmospheric pressure for observing the filamentary discharge, which is different from the foregoing experiments. We can find that with an increase in the gap spacing, the inner dark region is not manifested and the discharge transforms into "corona" discharge, because it is around the metallic electrode. [16] , and then we can get the argon breakdown voltage according to the Law of Paschen:
where the breakdown field strength is 0.83 kV/mm. On the other hand, we can make an approximate calculation of the field strength in our experiment when
It is obvious that 2.4 kV/mm is higher than 0.83 kV/mm, which means that there is definite discharge produced in the central region. The reason for the low brightness is that the gap is so small that the microdischarge is rather weak. With an increase in gap spacing, the microdischarge has enough space to grow, which then results in much brighter channels. Actually, MASSINES et al. found that there were two modes of homogeneous DBDs by using a large number of experiments and numerical simulations, i.e., the atmospheric pressure Townsend discharge (APTD) and the atmospheric pressure glow discharge (APGD) [16∼20] . So, the Townsend discharge or glow discharge should be produced in the low brightness region.
We solve the Laplace equation with the finiteelement method (FEM) to calculate the field distribution on the surface of the electrodes for three electrode constructions when the gap spacing is d=1 mm, as shown in Fig. 4 . It is clear that the maximum field value on the surface of the electrode is at the central point. Although the field strength in the outer peripheral region is lower than that in the central region, the gap is longer than that in the central region because of the construction of the convex-spherical electrodes, so the filamentary discharge has enough space to be fully developed. The calculation field results also show that the 3# electrode has a bigger uniform region. We calculated further the transverse (radial) field component distribution on the surface of the electrodes when the gap spacing was d=1 mm, as shown in Fig. 5 . The results show that there are some special transverse locations for three electrode constructions. The location of the maximum value of the transverse field component is 2.0075 cm for the 3# electrode, 0.70022 cm for the 4# electrode and 0.30019 cm for the 5# electrode, respectively. On the other hand, we can find from Fig. 1 that the radius of the dark region is 2 cm for the 3# electrode, 0.77 cm for the 4# electrode and 0.27 cm for the 5# electrode, respectively. These two results have almost the same value, which means that the transverse field could play an important role in the formation of a filamentary discharge. Actually, the reason for the filamentary discharge to go along a longer path is the influence of the transverse field. Thus, the filamentary discharge has enough space to be fully developed, and then a Townsend DBD or a glow DBD could not be produced in the outer peripheral region.
On the other hand, in the case of meshes covered by a dielectric plate, some authors thought that the field enhancement provides seed electrons leading to the breakdown of the whole air gap at a lower voltage, which makes the discharge look homogeneous [12, 13] . Regarding this phenomenon, we proposed a new interpretation in our previous paper [21] . As the change rate of the applied field at the inception location of the primary avalanche is less than zero, it will weaken the increase rate of the field strength of the avalanche head, and then result in a slow development of many avalanches at a low electric field. Taken together, the gradually weakened applied field and the shorter gap will result in the formation of a Townsend DBD or a glow DBD in the central region. But the transverse field plays an important role in the formation of filamentary discharge and then undermines the uniformity of the DBD in a short-gap.
Conclusion
In a general plane-parallel electrode system, the distorted electrical field at the edge of the electrode will undermine the uniformity of the DBDs because the distorted field strength is greater than that in the central region. However, in a non-uniform electrode system, the distorted electrical field, not at the edge of the electrode and not necessarily greater than that in the central region, will also undermine the uniformity if the filamentary discharge has a larger space to grow in than in the central region.
